Silicon, a quasi-essential element that is often associated with rigidity and hardiness is an alleviator of biotic and abiotic stresses. Lodging affects the ability of plants especially cereal plants such as rice, Oryza sativa to grow upright, thus reducing yield and increasing harvesting costs. Bending or lodging resistance could be increased by strengthening the rice culm. Here, we tested stage and method of silicon application, each with three levels of treatments to find the right combination to enhance yield and lodging resistance in MR219, a popular rice variety in Malaysia. Application of silicon at the onset of reproductive stage via topdressing improved agronomic and physiological parameters. Plants applied with Si at the reproductive stage by means of topdressing showed a significantly higher leaf area. Number of tillers, weight per panicle and weight of 100 grains were significantly higher when silicon was applied as topdressing at the reproductive stage. Number of spikelets per panicle was significantly higher when silicon was supplied as topdressing or soil incorporation. Percentage of filled spikelets was significantly higher when silicon supplementation was done as topdressing at either reproductive or maturity stages. Mode of application which favoured the increase in soluble lignin and neutral detergent fiber was topdressing and soil incorporation. Meanwhile, cellulose and acid detergent lignin was highest when silicon was applied at the reproductive and maturity stages. Application of silicon at the reproductive stage by means of topdressing was effective in improving growth, yield and stem strength of the rice plant since the method has higher retention time and has residual effect. Foliar application was deemed unsuitable as it can only be applied in minimal amount while showing a temporary effect.
Introduction
Nutrient management is one of the important aspects in agriculture and crop production. It involves proper application of fertilizers or nutrients at the right time, rate and method. This practice could potentially save management cost, reduce yield loss and curb incidence of toxicity. Silicon (Si) which is gaining prominence is thought to improve growth, development, mechanical strength, and disease resistance in plants especially Si-accumulators. Rice, a Si-accumulator, often enjoys the benefit of Si fertilization in China since they are the major consumers of this cheap carbohydrate (Ning et al. 2014) .
Silicon is commonly found ubiquitously in soils but not as an element itself but as silicates or silica and often makes up the soil solution. Silicon present in the range of 0.1 to 10% (Epstein 1999 ) depending on its mode of accumulation is the only element that is not toxic to plants if taken in excess. This range is considered higher than those of essential macronutrients but Si has yet to attain the status of essential nutrient mainly because it is not involved in metabolism and moreover, the plant is able to complete its life cycle in nutrient solution devoid of this element (Arnon and Stout 1939) . However, recent classification by Epstein and Bloom (2003) , has termed Si as quasi-essential since Si deficient plants could show symptoms of abnormalities in terms of growth and development. Though it is the second most abundant on earth, Si cannot be taken up readily by plants' transport system if it is not in monosilicilic form.
Method of fertilizer application including soil incorporation, topdressing and foliar application is crucial as it affects nutrient accessibility. The former two are the preferred method for solid fertilizer and could be supplied at higher rates. In addition, these methods are favourable for nutrients that are taken up by means of vascular transportation. On the other hand, foliar spray is relatively easy to apply at manageable rates while not affecting the soil pH since Si can act as liming agent when applied at high rates in the form of solid fertilizer (Tubana et al. 2012; Haynes et al. 2013) . However, in regards to Si, plant response to foliar application is arguable as uptake of Si is via roots; hence foliar application had been deemed ineffective.
Growth of rice plant is divided into three distinct stages; vegetative, reproductive and maturity (Yoshida 1981) . It is absolutely necessary to determine the exact stage of application to increase productivity and efficiency of nutrient uptake as wrong timing would be an absolute waste of resources and prove costly. Amount of nutrient uptake is dependent upon the uptake pattern of the crop and may differ according to the growth stage. Moreover, application at the appropriate stage would reduce nutrient loss. Nutrient requirement vary according to crop, nutrient mobility, soil type, and soil fertility.
Silicon is often applied in the form of slag, potassium silicate, sodium silicate, silica, wollastonite, and silica gel. Application of Si at different growth stage could yield an array of results, depending on the form of Si used. Moreover, the ease of application could also make the application of Si more viable and economical. Thus, the main objective of this experiment was to determine the appropriate time and method of Si application in increasing yield, growth and lodging resistance of MR219.
Methods and materials

Crop establishment
A total of four seeds of MR219, a Malaysian rice variety, with emerging radicles were directly sown on moist soil surface with no standing water in polyethylene containers with a diameter of 31.5 cm filled with approximately 15 kg of puddled silty clay soil. The pH, CEC and Si content of the soil were 5.2, 15.88 meq/100 g soil and 11.41 mg/kg −1 , respectively. The experiment was carried out in a screenhouse at Universiti Putra Malaysia, Selangor, Malaysia located at an altitude of 30 m above sea level, altitude of 30° 21 N and longitude of 101° 70 E . The humidity, minimum and maximum temperatures were 88%, 22 °C and 34.5 °C, respectively.
Treatment and experimental design
The experiment was conducted in a randomized complete block design (RCBD) with three replicates and four plants per replicate. A total of three methods (topdressing, soil incorporation, foliar spray) and time of application (vegetative, reproductive, maturity) were tested in this two-factorial experiment in addition to control/untreated. Silicon fertilizer (SiO 2 = 66%) was applied at the rate of 4 g per pot for both topdressing and soil incorporation whereas 400 ppm of Si was used in foliar spray at 21, 56 and 82 days after sowing (DAS) corresponding to vegetative, reproductive and maturity stages, respectively . For foliar spray, 1% Tween 20 (Sigma-Aldrich) was added as a surfactant.
Flag leaf area, chlorophyll content and photosynthetic rate
Flag leaf area, chlorophyll content and photosynthetic rate were measured two weeks before harvest from fifteen leaves per replicate. A Leaf Area Measurement System was used to measure the leaf area whereas closed infra-red gas analyzer LI-6400 Portable Photosynthesis System (LI-COR, Lincoln, Nebraska, USA) was used to determine the photosynthetic rate. Chlorophyll content of the flag leaf samples were measured using Scanning Spectrophotometer (Shimadzu). Flag leaf samples measuring 3 cm 2 were soaked in 20 ml of 80% acetone in the dark for ten days to ensure the release of total chlorophyll from the tissue. Then, 3.5 ml of supernatant was sampled to measure the absorbance of chlorophyll a and b at 664 nm and 647 nm, respectively. The content of chlorophyll a and b were calculated according to the following formulae adopted from Coombs et al. (1985) :
Chlorophyll a (mg∕cm 2 ) = (3.5∕3) × (13.19 A 664 − 2.57 A 647 )
Chlorophyll b (mg∕cm 2 ) = (3.5∕3) × (22.10 A 647 − 5.26 A 664 ) Page 3 of 11 38 Photosynthesis measurements were taken under a light intensity of 800 µm m −2 S −1 PAR, temperature of 30 ± 2 °C, external carbon dioxide concentration of 390 µm mol −1 , relative air humidity of 70% at 0900-1100 h .
Yield and yield components
Yield components such as number of spikelets per panicle, percentage of filled spikelets, weight of 100 grains and weight per panicle were measured at harvest (110-115 DAS) on ten tillers per replicate. Number of tillers per pot and percentage of effective tillers per pot were measured one week before harvest.
Bending resistance
Bending resistance was assessed using a modified model of Kaack and Schwarz (2001) at harvest (110-115 DAS) . Rice stems were cut at 25 cm from base of the plant and placed on the platform of the apparatus (Instron Ltd, Texture Analyzer). It was equipped with a 5 kg load cell and a knife set with blade serving as a plunger to force the stem to bend with a velocity of 5.0 mm/s to a 45° angle ).
X-Ray fluorescence analysis
Dried aboveground sample that was ground to powder form was first extracted with methanol and dried at 65 °C for 72 h. Next, the sample was compacted to form a thin layer befitting the sample cups. A total of eight samples per replicate were analyzed. Silicon content was determined using Energy Dispersive X-ray Fluorescence Spectrometer (EDX 720, Shimadzu, Japan).
Thioglycolic acid lignin quantification
Thioglycolic acid lignin was determined according to the modified method of Brinkmann et al. (2002) . Briefly, dried ground aboveground plant sample was washed with distilled water followed by 80% methanol extraction to isolate structural biomass for lignin analysis. Aliquots of 2 mg of the plant sample were weighed into microcentrifuge tubes and mixed with 1.5 ml of 2 N hydrochloric acid (HCl) and 0.3 ml thiogylcolic acid. After incubation at 95 °C for 4 h, the samples were rapidly cooled on ice and centrifuged for 10 min at 16,000 g. The supernatant was discarded while the pellets were washed with distilled water. Next, the pellets were incubated with 1 ml of 0.5 N NaOH for 18 h on a shaker at room temperature while the suspension was centrifuged for 10 min at 16,000g. The supernatant was Total chlorophyll (mg∕cm 2 ) = Chlorophyll a + Chlorophyll b transferred into a new microcentrifuge tube whereas the pellet was re-suspended in NaOH, vigorously mixed and centrifuged. The resulting supernatant was combined with the first alkaline supernatant and mixed with 0.3 ml concentrated HCl. Finally, the samples were incubated for 4 h at 4 °C to precipitate the lignothioglycolate derivates after which the supernatant was discarded, and the pellet solubilized in 1 ml of 0.5 N NaOH. Absorbance was measured at 280 nm using Multiskan Microplate Spectrophotometer Thermo Scientific USA . Calibration curves were generated by subjecting increasing amounts of 0.5-2.5 mg of commercial lignin (alkaline spruce lignin, Aldrich) to the same procedure.
Neutral detergent fiber
One gram of dried straw sample were placed in a 600 ml Berzelius beaker. Samples were assessed in triplicates. Next, 100 ml of neutral detergent solution was mixed with 2 ml of decalin and 0.5 g of sodium sulphide (Van Soest et al. 1991) . Beaker was then placed on a hot plate for about an hour till it comes to boiling after which it was filtered through a sintered crucible. This crucible was placed on a Buchner flask that was fitted with a vacuum pump to facilitate the filtration process. The residue was washed with acetone and then distilled water. Sintered crucible with the residue was placed in an oven for 24 h at 105 °C. Next, it was placed on a dessicator before measuring the weight. Neutral detergent fiber (NDF) was calculated according to Van Soest et al. (1991) method as shown below:
Acid detergent fiber
One gram of dried straw sample were placed in a 600 ml Berzelius beaker which was mixed with 100 ml of acid detergent solution. Samples were assessed in triplicates. Beaker was then placed on a hot plate for about an hour till it comes to boiling after which it was filtered through a sintered crucible (Van Soest et al. 1991) . This crucible was placed on a Buchner flask that was fitted with a vacuum pump. This is to facilitate the filtration process. The residue was washed with acetone and then distilled water. Sintered crucible with the residue was placed in an oven for 12 h at 105 °C. Next, it was placed on a dessicator before measuring the weight. Acid detergent fiber (ADF) was calculated according to Van Soest et al. (1991) method as shown below:
Acid detergent lignin
Samples from ADF analysis were used to determine the lignin content. 10 ml of cool 72% sulphuric acid (H 2 SO 4 ) was added to the dried sintered crucible with residue. The draining acid was refilled keeping the mixture for 3 h in 72% H 2 SO 4. This acid was then filtered off under vacuum pump.
The residue was washed with distilled water until it was acid-free. The sample in crucible was dried at 105 °C for 2 h, cooled in a dessicator and weighed (W2). The sample was then placed in a furnace for about 2 h at 550 °C, cooled and weighed (W3) to determine ash content of residue (Dyckmans et al. 2002) .
Statistical analyses
All data were expressed as means and analyzed using the ANOVA procedure in the SAS Statistical software package (version 9.2 for windows). Differences among treatments were determined using the least significant difference (LSD) test at the 0.05 probability level.
Results
Flag leaf area, chlorophyll content and photosynthetic rate
Total chlorophyll content was not statistically significant in terms of method and time of application (Table 1) . No interaction was observed. Contents of chlorophyll a were significantly different in terms of method though no interaction was present (Table 1) . Topdressed plants had the highest chlorophyll a content followed by soil incorporated, though they were insignificant. However, the former method of application was significantly higher than foliar applied plants. In terms of chlorophyll b content, no significant difference was detected. Flag leaf area was significantly different in terms of method and stage of application and showed presence of interaction between the two factors (Table 1) . Plants applied with Si at the reproductive stage showed a significantly higher leaf area than those applied at maturity and vegetative. As for method of application, leaf area of topdressed plants were significantly higher than soil incorporated and foliar applied plants. The highest flag leaf area was obtained when Si was applied as topdressing at reproductive stage, followed by soil incorporation and foliar spray ( Fig. 1 ). Similar result was obtained when Si was applied at maturity stage. However, for vegetative stage, highest value was obtained when Si was applied as soil incorporation followed by topdressing and foliar spray. Photosynthetic rate was significantly different in terms of method of application but not time of application (Table 1) . However, statistical analyses revealed presence of interaction between the main effects. As for method of application, foliar applied plants had the highest photosynthetic rate followed by topdressing and soil incorporation at 9.06 and 8.31 µmol CO 2 /m 2 /s, respectively. These methods were significantly different from one another. Photosynthetic rate was highest when Si was applied at vegetative stage as foliar spray while soil incorporated plants show highest rate when Si was applied at maturity stage (Fig. 2) . Meanwhile, the photosynthetic rate of topdressed plants was highest when Si was applied at reproductive stage followed by maturity and vegetative stages.
Yield and yield components
Total number of tillers was significantly different in terms of time and method of application (Table 2) . Tiller number of soil incorporated and topdressed plants were significantly higher than foliar applied plants. Meanwhile those applied at reproductive stage had the highest tiller number followed by vegetative and maturity. However, tiller number of plants treated with Si at reproductive stage was not different from vegetative. The highest number of tillers per pot was obtained when Si was applied at reproductive stage as soil incorporation whereas foliar sprayed plants at both reproductive and maturity stages yielded the lowest number ( Fig. 3) . Topdressed plants gave highest number of tillers when applied at maturity stage followed closely by reproductive stage. As for percentage of effective tillers, no significant difference was observed.
Number of spikelets per panicle was significantly different in terms of method of Si application (Table 2) . Si applied as soil incorporation had the highest number of spikelets per panicle followed by topdressing and foliar. However soil incorporated and topdressed plants were not statistically different. Likewise, stage of application showed no significance. Percentages of filled spikelets were significantly different in terms of method and stage of application but these factors were insignificant in terms of interaction (Table 2) . Si applied at reproductive and maturity stages had significantly higher percentage of filled spikelets than vegetative stage. Meanwhile, topdressed plants was significantly higher than both soil incorporated and foliar applied plants.
Weight of 100 grains was significantly different whereby interaction between time and method were observed ( Table 2) . Application of Si at reproductive stage resulted in highest weight followed by maturity; both of which were not statistically different whereas vegetative stage yielded the lowest value at 2.69 g. The weight of 100 grains was highest when Si was applied as topdressing at reproductive stage (3.37 g) and lowest when it was applied at vegetative stage as topdressing and foliar spray at maturity stage (2.50 g) ( Fig. 4) . For vegetative stage, foliar sprayed plants gave highest value followed by soil incorporated and topdressed plants. As for maturity stage, the weight was highest when Si was applied as soil incorporation followed by topdressing and foliar spray.
Likewise, weight of panicle was statistically different in terms of method and time; interaction was present ( Table 2) . Plants treated with Si at reproductive stage had the heaviest panicle which was statistically different from those treated at maturity and vegetative. As for method of application, topdressing and soil incorporation were statistically not different. However these two methods were significantly different from foliar applied plants. At reproductive stage, the panicle was heaviest when Si was applied as topdressing followed by soil incorporation and foliar spray (Fig. 5 ). Lowest weight was obtained at vegetative stage when Si was applied as foliar spray. At this stage, heaviest panicle was obtained when Si was applied as topdressing followed very closely by soil incorporation. Similar trend was observed for maturity stage. Soil incorporation and foliar spray yielded highest panicle when Si was applied at reproductive and maturity stages, respectively.
Bending resistance
Bending resistance was significantly different in terms of method of application with topdressing having the highest resistance followed by soil incorporation and foliar (Table 3 ). The former two were not significantly different from each other. Both time of application and interaction were found to be insignificant. 
Silicon content
Statistical analysis revealed there were differences in terms of method and time of application but no interaction was present (Table 3) . Plants treated with Si at the reproductive stage showed the highest Si content which was significantly different from those treated at maturity and vegetative. The best method of application was found to be topdressing though it was not statistically different from soil incorporation. However, topdressed plants showed significantly higher Si content as compared to foliar applied plants.
Thioglycolic acid lignin
Significant difference in thioglycolic acid lignin was observed in terms of method and time of Si application as main effects (Table 4) . No interaction was present. Multiple mean comparisons showed the highest content was of those treated at reproductive stage followed by maturity stage; both of which were statistically not different. Application at the first stage of growth herein vegetative had the lowest lignin content which was significantly different from the other two stages tested. As for method of application, lignin content of topdressed and soil incorporated were statistically same. Foliar applied Si showed lowest lignin content at 103.35 mg/g.
Neutral detergent fiber
Neutral detergent fiber (NDF) was significantly different in terms of method and stage of application in addition to presence of interaction between the two factors (Table 4 ). NDF contents of topdressed and soil incorporated plants were significantly higher than foliar applied plants. As for stage of application, plants treated with Si at reproductive and maturity stage were insignificant but the NDF was higher than plants treated with Si at vegetative. At all stages, neutral detergent fiber was highest when Si was applied as topdressing followed by soil incorporation and foliar spray. Meanwhile, both topdressed and soil incorporated plants showed highest fiber content when Si was applied at reproductive stage followed by maturity and vegetative stage. Foliar applied plants showed highest content when applied at maturity stage followed by reproductive and vegetative.
Cellulose
Cellulose content was significantly different in terms of the two methods tested, stage and method of application (Table 4 ). Plants treated with Si at reproductive and maturity stages were significantly higher than those applied at vegetative stage though no statistical differences were observed between the former two levels. On the other hand, topdressed and soil incorporated plants had significantly higher cellulose content in comparison to foliar applied plants.
Acid detergent lignin (ADL)
As in the case of cellulose, lignin content was significantly different in terms of both factors tested (Table 4) . ADL content was highest in plants treated with Si at reproductive stage followed by maturity and vegetative stages. The former two were not significantly different, however it was statistically different from vegetative. On the other hand, foliar applied plants showed highest ADL content followed by topdressed plants which were insignificant. Application of Si as foliar showed lowest value though not statistically different from topdressed plants.
Discussion
The three growth stages of rice; vegetative, reproductive and maturity are distinctive and manipulation of physiological activities via exogenous application of nutrients should be carried out at proper timing to maximize the output. Besides, the mechanism of transport is nutrient specific, hence the uptake of nutrients by plants is dependant upon both the source and method of nutrient application. The degree of Si accumulation is reliant upon the uptake methods of active, passive or rejective which are responsible for high, medium, and low Si accumulation in the plants, respectively (Takahashi et al. 1990 ). Among monocots, plants in the families of Poaceae and Cyperaceae are high Si-accumulators. Rice which is a Si-accumulator takes up Si at a faster rate than water as it follows the active mode (Takahashi et al. 1990 ). Meanwhile, in passive mode, uptake of Si and water are at equal rate as portrayed by cucumber. In contrast, tomato which follows the rejective mode tends to remove Si, that is shown by the increasing concentration of Si in the uptake solution (Mitani and Ma 2005) . Plants benefit from Si fertilization as numerous studies had accounted for its role in tolerance of biotic and abiotic stresses. The cumulative effect of these stress mitigation is improved growth and development. Rice productivity had shown improvement when grown in Si supplemented soil as in this study. It has been reported that productivity is compromised in tropical region as the soil is five to ten times deficient in Si compared to temperate regions (Datnoff and Rodrigues 2005) .
In this study, tiller number per pot and tillers per hill were higher in Si-treated plants particularly when this nonessential element is incorporated at reproductive stage by means of topdressing or soil incorporation. Number of spikelets per panicle were higher when Si was applied as topdressing and soil incorporation whereby it increased by 19% and 22%, respectively, compared to foliar applied plants. Compared to this parameter, percentage of filled spikelets could potentially reveal more on the effects of Si supplementation as it is an indicator of sterility or fertility. Plants treated at stages of reproductive and maturity showed lowest seed sterility with 3% and 1.8% increase in grain filling as compared to those treated at vegetative as the percentage of filled spikelets was highest. In terms of method, topdressed plants showed an increase of about 3.6% in grain filling compared to the other two methods. Meanwhile, the weight of 100 grains of plants treated at reproductive stage by topdressing was 13% and 22% higher than soil incorporation and foliar spray, respectively. These former two treatment combination showed about 25% increase compared to all foliar combinations.
The results of yield components in this study were in agreement to a study on rice in Iran which revealed that 400 kg/ ha of calcium silicate showed the highest increase in dry matter and grain yield (Kumleh and Kavossi 2003) . Nevertheless, the role and effects of Si in rice is best studied using low silicon mutant (lsi1). Tamai and Ma (2008) revealed that there were no significant differences in height and dry weight in mutant and wild type rice. However, grain yield and percentage of filled spikelets were way higher in the wild rice. Grain yield reduced in the range of 79-98% in lsi1 which was due to a lower percentage of filled spikelets. This drastic reduction reaffirms that high Si accumulation is a necessity to increase rice yield. Excessive transpiration is thought to be the main cause of sterility in lsi1 since it does not possess the Si-cuticle double layer deposited beneath the epidermal cells which the wild type plant possess. This layer is responsible for reducing water loss through cuticles (Ma and Takashashi 2002; Trenholm et al. 2004 ). On top of that, this barrier also contributed to mitigation of salt toxicity by means of salt dilution (Romero-Aranda et al. 2006) . Meanwhile, Si fertilizers increased Si content in stem and leaf samples in addition to 1000 grain weight, tiller number, dry weight and yield (Gholami and Falah 2013) . This corresponded to results obtained by Chaoming et al. (1999) who found that Si increased filled spikelets percentage, thousand seed weight, total number of spikelets per panicle and grain yield besides reducing lodging.
All plants use chlorophyll to utilize carbon dioxide and water to form sugar compounds in the process of photosynthesis. These photosynthates are then translocated to various parts of the plants known as sinks. Rice yield commensurate with the accumulation of sugar compound as Xie et al. (2011) found that 90% of grain yield originates from the photosynthetic carbon assimilation of leaves after heading, especially from flag leaf. Thus, leaf area, its standing position and chlorophyll content are key factors in this food making process particularly in efficient capture of solar energy.
In the current study, application of Si did not influence chlorophyll content as no significant differences were observed in all three components of it. On the other hand, flag leaf area was significantly different in terms of both factors with presence of interaction. Once again plants treated at reproductive stage by topdressing produced highest leaf area. This was in contrast to photosynthetic rate whereby foliar applied plants showed the highest rate followed topdressing and soil incorporation. Plants treated by foliar spray at vegetative and reproductive stage performed best and there was about 9% increase in photosynthetic rate in these combinations compared to maturity. Having high chlorophyll content does not warrant for increased photosynthetic rate at all times. The process of fixing carbon dioxide to synthesize sugar molecule is complex, as it involves the acquisition of raw materials such as water and light besides the green pigment found in chloroplast (Lawlor 2001) . The limiting factor could be temperature, carbon dioxide concentration, light intensity and water; not necessarily chlorophyll content. In addition, the concentration of rubisco, the enzyme that catalyzes the conversion of carbon dioxide found in the atmosphere into glucose could also limit the photosynthesis rate (Chapin and Eviner 2007) .
Freckling reduces the active leaf area for photosynthesis whereas Si-treated leaves are often more erect avoiding mutual shading thus improving light interception and promoting photosynthesis. Lau et al. (1978) hypothesized that Si deposited on leaf epidermal cells could serve as 'windows' allowing more light to pass through the photosynthetic mesophyll tissue, thus increasing the photosynthetic rate and number of tillers. Moreover, studies by IRRI indicate that Si-deficient plants always have a reduced number of panicles per square meter and percentage of filled grains (Meena et al. 2014) .
A lodged culm could hinder light capture thus reducing photosynthesis efficiency which would lead to reduced dry matter (Hitaka 1969) . Severe lodging will affect grain filling as it may inhibit transport of minerals, nutrients and assimilates (Kashiwagi et al. 2005) . A lodged plant is often structurally very weak thus providing favourable environment for disease development. It is not an exaggeration to say this phenomenon affects the quality and quality of rice (Kono 1995) .
Plant cell wall which is composed of hemicelluloses, cellulose and lignin are intertwined and is very much involved in mechanical strength of the plant structure (Jones et al. 2001; Tanaka et al. 2003) . Findings from the current study showed Si was significantly correlated to higher lodging resistance and lignin deposition ( Table 5 ). Application of Si elevated lignin content in plants which in turn increased the lodging resistance. Straw strength and cell wall lignification can affect the ability of the plant to resist any external force such as wind. Similarly, cellulose which was also significantly correlated to Si content (Table 5) is important for culm strengthening. Moreover, a lodging tolerant wheat cultivar exhibited a higher deposition of Si in the culm epidermis than a lodging susceptible cultivar (Ma and Yamaji 2006) .
Conversely, in wheat (Li 1998 ) and rice (Taylor et al. 1999; Yang et al. 2001) , the soluble carbohydrate content of the basal internodes of the stem was positively correlated to lodging resistance. Comparatively, Jones et al. (2001) reported that both lignin and cellulose contents are associated to stem rigidity whereas Huang (1988) revealed that strong stems possessed higher lignin content in the basal internodes compared to weak stems. Likewise, according to Zhu et al. (2004) and Jones et al. (2001) , lignin content play a more pivotal role in increasing the mechanical support and tensile strength of stem in comparison to cellulose content which was in contrast to Wang et al. (2006) . We measured both ADL and TGA lignin in addition to cellulose and NDF content. The Van Soest method is commonly employed for forage analysis and involves harsh chemicals and large amount of sample. In addition, it is very time consuming as number of samples that can be processed in a day is very small and involves use of expensive glasswares. In contrast, TGA lignin can be processed in large batches at any given time and relatively quick though not easy. As such it is suggested that for researches on stem strength involving lodging, lignin is quantified as TGA.
Optimum results were obtained when Si was applied as topdressing followed by soil incorporation. Plants treated with Si as foliar application did not show any signs of growth improvement. Soil and topdressing are the preferred method for nutrient application as they are easily transported via roots, can be applied in higher rate and have higher retention time. Topdressing is preferred for after planting application as soil incorporation may disturb soil structure and root anchorage. Foliar application needs several applications to meet the nutrient demand. Though this method allows plants to utilize nutrients more rapidly than the other two methods, it is affected by climate change whereby the nutrients run off in rain water and leaves could suffer from toxicity and scorching if applied above permitted amount. Besides, the plant should have sufficient leaf area for the optimum absorption of nutrients (Fageria et al. 2009 ).
Thus, foliar spray may be more suitable for application of micronutrients whereas soil and topdressing can be done for both macro and micronutrients. Nonetheless, foliar fertilization is a cost effective method of supplementing the plants' nutrients for a more efficient fertilization (Girma et al. 2007 ) and could be formulated in combination of fungicides and insecticides to aid the supply of nutrients to crops in the form of sprays (Fageria et al. 2009 ). On the other hand, yield seems to be maximized when Si was supplied at the reproductive stage which is also referred to as pre-heading (Yoshida 1981) . Clearly it is because this growth phase influences and determines the most important yield components, namely, panicle number, spikelet number and panicle fertility (Ma et al. 1989 ).
Conclusion
Application of silicon at the reproductive stage by means of topdressing was effective in improving growth, yield and stem strength of the rice plant. Foliar application is unsuitable as it can only be applied in minimal amount and has a temporary effect. Topdressing is preferred as it has higher retention time and has residual effect.
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